BACKGROUND & AIMS-Stress alters brain-gut interactions and could exacerbate intestinal disorders, including irritable bowel syndrome. Alterations in the intestinal microbiota have been associated with irritable bowel syndrome. Maintenance of healthy microbiota requires nucleotidebinding oligomerization domain protein-like receptors, pyrin-domain containing (NLRP)-6 inflammasomes. We investigated the involvement of NLRP6 in water-avoidance stress (WAS)-induced intestinal disorders in mice.
dysbiosis, measured by sequencing bacterial 16S ribosomal RNA. We also assessed the effects of a peroxisome proliferator-activated receptor-agonist and probiotics.
RESULTS-WAS-induced small-bowel inflammation (enteritis) was associated with inhibition of NLRP6, but not NLRP3, and was prevented by a peroxisome proliferator-activated receptoragonist, which induced epithelial expression of NLRP6. CRH was released during WAS and inhibited NLRP6 expression. WAS induced alterations in the gut microbiota of mice; co-housed nonstressed mice developed enteritis associated with increased CRH and decreased levels of NLRP6. Probiotic therapy reduced intestinal inflammation in mice with WAS-induced enteritis.
CONCLUSIONS-Exposure of mice to stress inhibits NLRP6 and alters the composition of the gut microbiota, leading to intestinal inflammation. These findings might explain the benefits of probiotics for patients with stress-associated gastrointestinal disorders.
Keywords
Treatment; GI Flora; Mouse Model; Inflammatory Response Gastrointestinal responses to stress include alterations in motility, visceral hypersensitivity, and intestinal permeability. 1 Psychosocial stress alters brain-gut interactions and may exacerbate a wide range of disorders, including irritable bowel syndrome (IBS). 1 There is growing evidence that IBS patients harbor altered gut microbiota. 2, 3 In fact, probiotics and antibiotics have been shown to be beneficial in patients with IBS, suggesting that the gut microbiota may play an important role in the pathogenesis of IBS. 4, 5 Elinav et al 6 recently shed light on the maintenance of the healthy microbiota, reporting that the nucleotide-binding oligomerization domain protein-like receptors, pyrin-domain containing (NLRP)-6 inflammasome regulates intestinal microbial ecology. They observed that a deficiency of NLRP6 inflammasome in mouse colonic epithelial cells resulted in reduced interleukin (IL)-18 levels and altered fecal microbiota. NLRP6 inflammasomedeficient mice were characterized by an exacerbation of chemical colitis induced by exposure to dextran sulfate sodium. Thus, they concluded that NLRP6 is important in maintaining a homeostatic gut microbiota and NLRP6-deficient animals have an altered gut microbiota that predisposes them to intestinal inflammation. Normand et al 7 and Chen et al 8 reported that NLRP6 also plays a role in colonic carcinogenesis. Anand et al 9 further showed that NLRP6 negatively regulates innate immunity and host defense against bacterial pathogens. It is unclear, however, whether inhibition of NLRP6 is involved in normal physiological responses.
We studied the involvement of NLRP6 in stress-related intestinal pathology using a murine water-avoidance stress (WAS) model. We found that WAS-induced smallbowel inflammation (enteritis) is associated with inhibition of NLRP6, but not NLRP3, and is prevented by a peroxisome proliferator-activated receptor (PPAR-) agonist, which induces epithelial NLRP6 expression. Corticotropin-releasing hormone (CRH), an important stress signal in the brain-gut axis, 10 is released during WAS and inhibits NLRP6 expression. WAS induced an altered gut microbiota and co-housed nonstressed mice developed enteritis associated with increased CRH and decreased NLRP6 levels. The role of dysbiosis was supported further by improving WAS intestinal pathology with probiotic therapy. Our study proposes a mechanism of stress-induced dysbiosis that involves the CRH-NLRP6-microbiota axis to explain the benefits of probiotic therapy for stressassociated gastrointestinal disorders.
Materials and Methods

Animals
Female C57BL/6 mice (age, 5-6 wk) were purchased from Charles River Laboratories (Wilmington, MA) and housed in the animal maintenance facility at the University of Michigan under specific pathogen-free conditions. All animal experiments were reviewed and approved by the University Committee on Use and Care of Animals at the University of Michigan.
WAS
Mice were put on a small platform surrounded by shallow water (25°C) for 1 hour daily for 10 days. 11 Mice avoided the water by remaining on the platform during each of the daily 1-hour periods of water exposure. The number of stool pellets produced during WAS was recorded and the mice were analyzed at specified time points. The intestines of the mice were gently washed with phosphate-buffered saline (PBS) to remove the fecal contents, then processed for RNA or protein analysis, and stained with H&E for inflammation scoring. 12 Lamina propria (LP) CD11c+ cells were obtained after collagenase digestion and sorted by EasySep (Stemcell Technologies, Tukwila, WA). For the co-housing experiments, age-and sex-matched mice were co-housed at 1:1 ratios for the duration of the WAS exposure.
Isolation of LP CD11c+ Cells From Mouse Small Intestine
Mouse small intestine was washed in PBS and Peyer's patches were removed. The gut was opened longitudinally, cut into small pieces, then incubated in RPMI-1640 containing 2 mmol/L EDTA and 1 mmol/L dithiothreitol for 15 minutes to remove epithelial and intraepithelial cells. This was followed by incubation in RPMI-1640 containing 3.7 U Liberase TM Research Grade (Roche Diagnostics, Indianapolis, IN) and 1% DNAse I for 15 minutes for digestion of the basement membrane to obtain lamina propria mononuclear cells (LPMCs). The LPMCs were passed through 100-and 40-µm cell strainers. After centrifugation, 6 × 10 7 LPMCs on average were isolated from the small intestine of a normal mouse. Three percent of these cells were collected as CD11c+ cells using the EasySep Mouse CD11c Positive Selection Kit (Stemcell Technologies).
Intestinal Permeability Measurement
This intestinal permeability measurement is based on the permeability of the intestine to 4000 daltons of fluorescent dextran (Sigma-Aldrich, St. Louis, MO), as described previously. 13 Briefly, 6-hour-fasted mice were treated with fluorescein isothiocyanate (FITC)-dextran by oral gavage (600 mg/kg body weight, 125 mg/mL). After 1 hour, 120 µL of blood was collected from a vein at the tip of the tail. The blood was centrifuged at 4°C, 12,000 g, for 3 minutes. Plasma was diluted in an equal volume of PBS (pH 7.4). The FITCdextran concentration was analyzed with a fluorescence spectrophotometer (HTS-7000 Plusplate-reader; PerkinElmer, Wellesley, MA) at an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Standard curves for calculating the FITC-dextran concentration in the samples were obtained by diluting FITC-dextran in nontreated plasma diluted with PBS (1:2 vol/vol).
The Role of CRH
To determine if endogenous CRH contributed to the colonic and intestinal stress responses, mice were injected with 50 µg/kg CRH (Sigma-Aldrich) daily for 10 days. 12 Control mice were given an intraperitoneal injection of either PBS or 5 µg -helical CRH 9-41 (SigmaAldrich), a CRH antagonist, 30 minutes before WAS exposure.
Cell Culture
Murine (CT26) and human (HCT116) colonic epithelial cells were grown for 48 hours in 12-well plates at 1 × 10 6 cells per mL −1 per well. The cells then were incubated for 16 hours with CRH (10 µg/well), Biofermin (1×10 7 CFU/mL; Biofermin Pharmaceutical Co, Kobe, Japan), or rosiglitazone (2 µmol/L per well).
Results
WAS-Induced Enteritis in Mice
WAS for 1 hour each day for 10 days induced acute small intestinal inflammation characterized by erythema along with increased histologic scores and CCL5 chemokine expression ( Figure 1A and B), leukocytic infiltration (Supplementary Figure 1B) , failure to thrive and increased stool pellet counts during stress ( Figure 1C ), increased serum levels of tumor necrosis factor-( Figure 1D ), increased intestinal permeability ( Figure 1E ), and increased mucosal expression of small intestine proinflammatory cytokines IL-17 and IL-6 ( Figure 1F ). In the colon, inflammation was insignificant (data not shown) and there was no appreciable increase in colonic tissue IL-17 and IL-6 expression ( Figure 1F ). Immunoregulatory IL-10 expression was increased in the colon, perhaps explaining the lack of colonic inflammation. Interestingly, WAS inhibited IL-1 messenger RNA expression in both the small intestine and colon ( Figure 1F ).
WAS-Induced NLRP6 Inhibition
Because IL-1 generation requires inflammasome signaling 14 we measured intestinal expression of NLRP3 and NLRP6. WAS for 1 hour inhibited NLRP6 expression and this inhibition persisted through day 10 ( Figure 2A ); NLRP3 down-regulation was insignificant. Inflammasome adaptor proteins, apoptosis-associated speck-like protein containing a caspase recruitment domain and caspase 1, and downstream effector proteins, IL-1 and IL-18, similarly were inhibited ( Figure 2B ). These findings suggest that WAS-induced disruption of NLRP6 inflammasome signaling may lead to small intestinal pathology. To investigate further if NLRP6 is a critical target in the treatment of stress-induced intestinal pathology, we administered the PPAR-agonist rosiglitazone, which has been shown to upregulate NLRP6 in vitro. 15 We found that rosiglitazone increased mouse and human epithelial NLRP6 expression ( Figure 2C ). During WAS, rosiglitazone normalized NLRP6 expression and function in the small intestine ( Figure 2D and Supplementary Figure 2B ) and reversed WAS-induced intestinal pathology ( Figure 2E and Supplementary Figure 2E ). Because NLRP6 expression was found in the intestinal epithelium, 6 we performed immunofluorescent confocal microscopy to assess the effect of WAS on epithelial NLRP expression. E-cadherin was used to mark the epithelial compartment. We measured significant inhibition of epithelial NLRP6 and IL-1 in the small intestine but not in the colon after WAS ( Figure 2F and Supplementary Figure 3A -C).
WAS-Induced Intestinal Pathology Is Mediated by CRH
To elucidate the mechanism of WAS-induced NLRP6 inhibition in mice, we examined the role of CRH, a known mediator of the effects of stress on the intestinal epithelium. 12, 16 The serum level of CRH during WAS increased over time and NLRP6 expression in the small intestine correlated inversely with serum levels of CRH ( Figure 3A ). To show that CRH is sufficient to inhibit intestinal NLRP6 expression, normal mice were given a daily intraperitoneal injection of CRH. Intestinal pathology was recapitulated; enteritis and decreased NLRP6 messenger RNA expression and protein level ( Figure 3B-E) . In fact, CRH neutralization during WAS improved intestinal pathology ( Figure 3B -E and Supplementary Figure 2A) . Direct treatment of mouse and human colonic epithelial cell lines with CRH inhibited NLRP6 expression and function ( Figure 3F ), and treatment with a CRH antagonist reversed mucosal NLRP6 inhibition by CRH (Supplementary Figure 4) . These findings indicate that CRH down-regulates NLRP6 expression in the small intestine and brings to light a previously unrecognized role of CRH.
WAS-Induced Gut Dysbiosis and Transmissible Enteritis
Elinav et al 6 showed that the NLRP6 inflammasome regulates intestinal microbial ecology. Furthermore, disturbance of the microbiota in NLRP6-deficient mice is transmissible to cohoused NLRP6-sufficient mice. 6 To determine if WAS induces gut dysbiosis, we performed cohousing experiments and examined if WAS-induced intestinal pathology is transmissible to co-housed mice. As shown in Figure 4A , co-housed mice developed enteritis and increased intestinal permeability. Evidence of disruption of the healthy microbiota (dysbiosis) in the WAS and co-housed mice was shown by rank abundance distributions using terminal restriction fragment length polymorphism analysis ( Figure 4B ). WASinduced or cohoused dysbiosis was not the result of a loss of diversity (eg, similar richness, evenness, or -diversity; Supplementary Figure 5A-C) but rather a change in community membership and structure (eg, low Jaccard's coefficient -diversity; Supplementary Figure  5D ), indicating that WAS or co-housed fecal microbiota are significantly different from nonstress fecal microbiota. Further molecular characterization revealed a 2-fold decrease in Bacteroidetes, a 2-fold increase in Firmicutes, and a 3-fold increase in Gammaproteobacteria after WAS (Supplementary Figure 5E and F) . Further evidence supporting the role of dysbiosis in WAS enteritis was shown by broadspectrum antibiotic treatment, which ameliorated WAS-induced enteritis (data not shown).
Interestingly, serum CRH also increased in co-housed mice with the associated decrease in intestinal NLRP6. These changes, however, lagged behind those observed in WAS mice ( Figure 4C ), suggesting that the CRH increase in co-housed mice may come from the intestine, as previously reported. 17 Indeed, we observed increased intestinal CRH expression in both WAS and co-housed mice ( Figure 4D ). These results suggest that WAS-induced dysbiosis is transmissible and induces inflammation in the small intestine. The subsequent increase in the intestinal CRH and down-regulation of NLRP6 may perpetuate intestinal inflammation by a failure to restore healthy microbiota. To investigate the role of dysbiosis in WAS enteritis, we examined if the administration of probiotics would prevent WAS enteritis. Pretreatment of mice with a commercial probiotic supplement containing 3 lactic acid bacteria-Bifidobacterium bifidum, Lactobacillus acidophilus, and Streptococcus faecalis-significantly reduced the severity of WAS-induced intestinal pathology and reversed the WAS-induced fecal microbiota alterations ( Figure 4E and F and Supplementary Figure 2E ). This effect was not observed when probiotics were administered after the initiation of WAS (Supplementary Figure 6) . Taken together, our findings indicate that stress induces a cycle of events that begins with increased circulating CRH, and subsequent intestinal NLRP6 inhibition and gut microbiota alterations leading to intestinal inflammation.
Pyrosequencing of 16S Ribosomal RNA Revealed WAS-Induced Dysbiosis of the Small Intestinal Luminal Content
To further assess the alterations in the gut microbial community induced by WAS, we performed 454 pyrosequencing of amplicon libraries targeting the V3V5 regions of the 16S ribosomal RNA gene of small intestinal and colonic tissues and contents and compared microbial community structures at the family level between nonstress and WAS mice. There were minor differences in the relative abundance of a few phylotypes observed between nonstress and WAS mice for colonic mucosa, colonic content, and small intestinal mucosa ( Figure 5A ). The small intestinal content, however, was found to have a significant difference in Lactobacillaceae, unclassified Clostridiales, Lachnospiraceae, Ruminococcaceae, Streptococcaceae, unclassified Bacteroidetes, unclassified Firmicutes, unclassified Lactobacillales, and Clostridiaceae ( Figure 5A ). We also calculated the pairwise distances between community structures of the small intestinal content using the -diversity metric YC (Jaccard and the Yu and Clayton similarity coefficients) and found a significant difference between nonstress and WAS (nonmetric multidimensional scaling plots stress = 0.07 and r2 = 0.99, and P = .015 per analysis of molecular variation) ( Figure 5B ). There is intersubject variability of mouse response to WAS as shown on nonmetric multidimensional scaling plots and family level histograms with greater alterations seen in WAS mice 3 and 5 ( Figure 5B and C) . This intersubject variability may be attributable to a variation in the development of habituation to WAS between individual mice. Factors that influenced this variation were age of mice and noisy WAS environment (data not shown). The total bacterial load in the small intestine and colon were increased by 1.5-and 1.2-fold, respectively ( Figure 5D ). These findings indicate that the small intestine is targeted during WAS and that the alteration in the composition of bacterial communities may play a role in the pathogenesis of WAS-associated intestinal pathologies.
Discussion
Our key observation was that 1 hour of WAS daily for 10 days produced significant small intestinal pathology in mice. Previous studies in rats have shown that WAS induces intestinal inflammation characterized by ultrastructural damage and inflammatory infiltration in the lamina propria. 12, 18 One laboratory conducting experiments in rats reported more pronounced inflammation in the small intestine than in the colon, 18 similar to our observations in mice. In fact, Larsson et al 19 reported that WAS had no effect on dextran sulfate sodium (DSS) colitis, further supporting the predominance of small intestinal pathology during stress.
Elinav et al 6 showed that NLRP6 null mice did not show spontaneous inflammation but they had increased susceptibility to colonic inflammation after DSS administration. The discrepancy between our findings and those reported by Elinav et al 6 may be attributed to global NLRP6 deficiency in their model whereas WAS predominantly inhibited NLRP6 expression in the small intestine. This may explain the lack of colonic phenotype in the WAS mice. As for the absence of small intestinal inflammation in NLRP6 null mice reported by Elinav et al, 6 we believe a second hit is required to trigger intestinal inflammation because colonic inflammation was seen only after DSS administration. Thus, WAS-induced intestinal pathology is associated with the inhibition of NLRP6 and additional insults (eg, CRH-induced intestinal permeability 20 ) are required to induce inflammation development.
We also showed that WAS-induced CRH production inhibited intestinal NLRP6 expression and led to the development of intestinal pathology. Several studies have shown the proinflammatory effect of CRH on mouse intestine. CRH antagonists and CRH deficiency reduces Clostridium difficile toxin A-mediated ileal inflammation and trinitrobenzene sulfonic acid-induced experimental colitis. 17, 21, 22 Interestingly, CRH deficiency exacerbates DSS colitis by down-regulating Toll-like receptor 4 expression. 23 We did not ascertain whether CRH acts in a corticosteroid-dependent manner; however, in vitro, the addition of CRH or corticosteroid to epithelial cells was sufficient to down-regulate NLRP6 expression (Supplementary Figure 4) . Hong et al 24 showed that chronic WAS in rats is mediated by corticosterone. Therefore, we speculate that CRH may act both directly and indirectly in a corticosteroid-dependent manner. Overall, these observations indicate that CRH exerts proinflammatory pressure on intestinal homeostasis.
Data from our co-housing experiments suggest that WAS-associated fecal dysbiosis is transmissible to nonstress co-housed mice, although we cannot exclude the possible contribution of behavioral transferability. We measured an increase in the serum CRH level on day 10 with an associated decrease in NLRP6 expression in the nonstress co-housed mice. The source of the increased serum CRH level likely was intestinal 25 because an increase in the mucosal CRH level was measured in WAS and co-housed mice ( Figure 4D ). We speculate that the early increase in CRH during WAS down-regulates NLRP6 and its downstream effectors IL-18 and IL-1 , leading to intestinal dysbiosis. This CRH surge also increases intestinal permeability, leading to an increase in bacterial translocation. The ensuing intestinal inflammation is dominated by an increase in CD11c+ myeloid cells. In cohoused mice, the transmission of fecal material is sufficient to induce intestinal injury, leading to a secondary increase in CRH and a decrease in NLRP6. Cessation of WAS for 4 days led to a resolution of enteritis, indicating the recovery of intestinal pathology with cessation of daily stress.
Our study also may shed light on the pathogenesis of IBS in a subset of patients because WAS mice show visceral hypersensitivity to colonic distension, 19 which is a pathologic feature of IBS. Stress also has been described as a risk factor for IBS in human beings. 26 Although IBS is a diagnosis of exclusion in the absence of pathology, there is a subset of patients, especially those with postinfectious IBS, who have mild inflammation in the colon. 27 Children with IBS also have evidence of increased intestinal permeability and lowgrade intestinal inflammation, with the latter relating to the degree to which pain interferes with activities. 28 We also found that WAS-induced microbial alterations (Supplementary Figure 5E and F) are consistent with microbiota signatures in fecal samples from adult and pediatric patients with IBS. 2, 3 Our study further suggests that stress-induced CRH inhibition of NLRP6 inflammasome signaling may play a role in WAS-induced intestinal pathology by inducing fecal dysbiosis. Although a tissue-specific inducible NLRP6 transgenic model could address the protective role of NLRP6 further in stress-induced intestinal pathology, such an animal model is not currently available. The observation that the PPAR-agonist induced epithelial NLRP6 and reversed stress-induced NLRP6 down-regulation and intestinal inflammation provides indirect evidence of the protective role of NLRP6 in the intestine. Rosiglitazone also has been shown to reduce DSS colitis in mice 29 and to benefit patients with active distal ulcerative colitis, 30 but it may have other epithelial protective effects. We do not advocate the use of rosiglitazone to treat IBS given its association with increased cardiovascular risk. 31 In summary, our findings offer evidence that stress alters the gut microbiota, resulting in intestinal pathology. Confirmation of a causal relationship between gut dysbiosis and IBS in human beings would further validate the clinical use of probiotics and antibiotics to treat IBS. Moreover, we believe our results implicate NLRP6 as an important target in the development of a novel therapy for stressed-induced intestinal disorders.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Intestinal permeability was measured by the FITC-dextran concentration in sera after oral FITC-dextran administration 10 days after WAS. (F) Relative cytokine messenger RNA expression of mouse small intestine and colon was measured by real-time polymerase chain reaction normalized to glyceraldehyde-3-phosphate dehydrogenase messenger RNA expression. INF, interferon; TGF, transforming growth factor (*P < .05, **P < .01, ***P < . 001). (E) Histologic scores of mouse small intestine and intestinal permeability measured by FITC-dextran permeability assay (*P < .05, **P < .01, ***P < .001). (F) NLRP6 epithelial expression (epithelium is colocalized with E-cadherin expression) in the mucosa of mouse small intestine in nonstress and WAS mice measured by immunofluorescent confocal microscopy (left panels: NLRP6 epithelial expression is shown in white; right panels: IL-1 epithelial expression is shown in yellow). WAS-induced gut dysbiosis and transmissible enteritis. C57BL/6 mice (n = 5 per group) were subjected to WAS for 10 days and co-housed with unstressed mice at a 1:1 ratio during the 10-day period. 
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